Results from several studies indicate that cyclooxygenase-2 (COX-2) is involved ischemic brain injury. The purpose of this study was to evaluate the neuroprotective effects of the selective COX-2 inhibitor nimesulide on cerebral infarction and neurological deficits in a standardized model of transient focal cerebral ischemia in rats. Three doses of nimesulide (3, 6 and 12 mg/kg; i.p.) or vehicle were administered immediately after stroke and additional doses were given at 6, 12, 24, 36 and 48 h after ischemia. In other set of experiments, the effect of nimesulide was studied in a situation in which its first administration was delayed for 3 to 24 h after ischemia.
INTRODUCTION
Stroke is a leading cause of death and disability worldwide. Development of an effective therapeutic strategy for stroke has been a priority of neuroscientists for decades. Considerable research efforts have been devoted to the development of neuroprotective agents to save neurons from the biochemical and metabolic consequences of ischemic brain injury.
Current approaches to treat acute ischemic stroke include thrombolytic therapy (reperfusion), neuroprotection, and administration of neurorestorative agents. Intravenous thrombolysis within 3 hours after symptoms onset represents the first therapeutical approach that can effectively treat acute ischemic stroke [70] . Although adequate treatment should be started as early as possible, most patients still arrive at the hospital too late to receive the maximum benefit from this emerging therapy [2] . Despite the recently published PROACT II clinical trial, which first demonstrated the efficacy of intra-arterial thrombolysis within 6 hours of stroke onset [28] , until now, thrombolysis has not been approved for intravenous administration >3 hours after stroke onset because the risk of hemorrhage increases with time [2, 28] .
In search of an effective treatment of stroke, numerous studies have been conducted to understand the pathophysiological mechanisms that lead to neuronal death. Among the initial events in the ischemic cascade are the widespread neuronal depolarization and massive release of glutamate (excitotoxicity) leading to calcium influx. Approaches focusing on blocking presynaptic glutamate release, ionotropic glutamate receptors, or voltage-sensitive calcium or sodium channels have so far failed to demonstrate a proven clinical efficacy [18, 23, 30] .
Other therapeutic strategies for stroke include hypothermia [20, 65, 81] , antioxidants [7, 13, 14, 64] , blockade of excessive synaptic Zn 2+ release [75] , antiapoptotic strategies [26, 53] , administration of growth factors [1, 40] , erythropoietin [67] , recombinant human interleukin-1 receptor antagonist [47] , statins [73] , gene therapy [80, 81] and approaches involving transfer of new cells, such as stem cells, and neuronal precursors cells [1, 46, 63] .
Recent experimental evidences have shown that brain damage occurring after focal cerebral ischemia (FCI) develops over a relatively long period of time [34, 51] . One of the processes that plays a pivotal role in the delayed progression of brain damage is postischemic inflammation [19, 34, 51] . Cerebral ischemia is followed by infiltration of neutrophils in the injured brain, an event initiated by the expression of proinflammatory cytokines, chemokines, and adhesion molecules (for review, see reference 19) . In addition, the marked expression of inflammation-related enzymes such as inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) plays an important role in the secondary events that amplify cerebral damage after ischemia.
COX-2 mRNA and protein levels have shown to be significantly increased within neurons and vascular cells in both experimental animal models of cerebral ischemia [15, 21, 38, 43, 50, 51, 55, 61] and in infarcted human brain [35, 60] . Moreover, administration of highly selective COX-2 inhibitors has been proven to reduce brain damage and prostaglandin accumulation following cerebral ischemia [9] [10] [11] [12] 50, 51] . The observations that enhanced COX-2 activity contributes to amplify cerebral injury after stroke offer an interesting prospect for targeting the late phase of the damage with COX-2 inhibitors.
In view that most patients with ischemic stroke reach the hospital several hours after the onset of symptoms, it is now considered of paramount importance to demonstrate significant neuroprotection after delayed administration of a compound. Hence, the aim of the present study was to investigate the effectiveness of the selective COX-2 inhibitor nimesulide (N-(4-nitro-2-phenoxyphenyl)-methanesulfonamide) when treatment started at various intervals after the onset of stroke. Nimesulide is a non-steroidal anti-inflammatory drug with potent effects, showing a high affinity and selectivity for COX-2 [16] . This compound has been widely used for 20 years to treat inflammatory conditions and fever and readily crosses the blood-brain barrier [16, 69] . This study was prompted by our previous results with this COX-2 inhibitor in transient global cerebral ischemia [9, 12] and in a model of in vivo kainate-induced excitotoxicity [8] . The present study used a standardized model of middle cerebral artery occlusion (MCAO) induced by an intraluminal suture and several measures of nimesulide's efficacy were considered (infarct volume, neurological deficits, motor impairment using the rotarod test, and accumulation of PGE 2 in infarcted cerebral cortex). We found that nimesulide potently protects against neuronal damage and improves functional outcome even when treatment is delayed up to 24 h after the onset of FCI.
MATERIALS AND METHODS

Animals
All the experimental procedures were performed strictly according to the regulations of the Havana University's animal ethical committee and the guidelines of the National Institutes of Health (Bethesda, MD, USA) for the care and use of laboratory animals for experimental procedures. Our institutional animal care and use committee approved the experimental protocol (No. 03/113). Male Sprague-Dawley rats (CENPALAB, Havana, Cuba) weighing 270-320 g at the time of surgery were used in the present study. The animals were quarantined for at least 7 days before the experiment. Animals were housed in groups in a room whose environment was maintained at 21-25 ºC, 45-50 % humidity and 12-h light/dark cycle. They had free access to pellet chow and water.
Procedures for transient middle cerebral artery occlusion (MCAO)
Rats were anesthetized with chloral hydrate (300 mg/kg body weight, i.p.). Once surgical levels of anesthesia were attained (assessed by absence of hind leg withdrawal to pinch), ischemia was induced by using an occluding intraluminal suture [41, 59, 80] . Briefly, the right common carotid artery (CCA) and the external carotid artery (ECA) were exposed by a ventral midline neck incision and ligated with a 3-0 silk suture. The pterygopalatine branch of the internal carotid artery was clipped to prevent incorrect insertion of the occluder filament. Arteriotomy was performed in the CCA approximately 3 mm proximal to the bifurcation and a 3-0 monofilament nylon suture (Shenzhen Runch Industrial Corp., China), whose tip had been rounded by being heated near a flame, was introduced into the internal carotid artery (ICA) until a mild resistance was felt. Mild resistance to this advancement indicated that the intraluminal occluder had entered the anterior cerebral artery (ACA) and occluded the origin of the ACA, the middle cerebral artery (MCA) and posterior communicating arteries. The occluding suture was kept in place for 1 h. At the end of the ischemic period, the suture was gently retracted to allow reperfusion of the ischemic region. The incision was closed and animals were allowed to recover from anesthesia and to eat and drink freely. Rectal temperature was maintained at 37±0.5 °C with a heat lamp and electrically heated mat during surgery, stroke, and reperfusion. By using this standardized procedure, we obtained large and reproducible infarcted regions involving the temporoparietal cortex and the laterocaudal part of the caudate putamen in ischemic animals. Only 1 h of ischemia was employed in the present study because findings from our pilot studies (standardization of the model) indicated that in our experimental conditions, endovascular occlusion of the middle cerebral artery for 1 h is enough to produce large infarcts in the ischemic regions. Infarct volumes obtained with our procedure are very similar to those found with longer periods of ischemia [13, 51, 76] . Several studies have also found large infarct areas using only 1 h of transient focal ischemia and have used this model to investigate the effects of different compounds in experimental ischemic stroke in the rat [58, 67, 74, 80] . Since nimesulide's neuroprotection could easily result from drug-induced hypothermia rather than a specific pharmacological effect, we strictly monitored rectal temperature and found that nimesulide did not modify this physiological variable (data not shown). To allow for better postoperative recovery, we chose not to monitor physiological parameters in the present study because additional surgical procedures are needed for this monitoring. Nevertheless, we performed a separate experiment to investigate the effects of nimesulide on major physiological variables in ischemic rats. Mean arterial blood pressure, blood glucose, rectal temperature, hematocrit, blood pH and blood gases (pO 2 and pCO 2 ) were measured before ischemia, during the occlusion and 30 min after each vehicle or nimesulide (12 mg/kg; i.p.) administration. The effects observed with nimesulide in the present study were not related to modification of physiological variables since these parameters did not differ between nimesulide-treated and vehicle-treated rats (data not shown). These findings are in agreement with our previous results [9] , suggesting that nimesulide does not significantly change major physiological variables.
Evaluation of nimesulide's effects on ischemic damage 2.3.1. Dose-response experiment
In order to evaluate the effect of different doses of nimesulide on rat FCI, nimesulide (3, 6 and 12 mg/kg) was given to rats by intraperitoneal administration starting immediately after ischemia (n=8-10 animals per group). Additional doses were given at 6, 12, 24, 36 and 48 h after stroke. This treatment schedule and dosage range were based on the pharmacokinetic profile of nimesulide [71] and on our previous experience with this compound in a model of global cerebral ischemia [9, 12] . We also performed an experiment in which nimesulide was given as a single dose. Control ischemic animals received the vehicle of nimesulide (polyvinylpyrrolidone, PVP, n=11). Nimesulide was dissolved in a 2% PVP solution [8, 9, 12] . Neurological evaluation, motor impairment and infarct volumes were determined 3 days later as detailed below.
Effects of a single dose of nimesulide
The effect of a single dose of nimesulide (12 mg/kg; i.p.) given immediately after ischemia was examined (n=9). A single injection vehicle-treated group was also included (n=8).
Therapeutic time window assessment
After investigating the dose-response relationship, we studied the effect of the maximal effective dose of nimesulide (12 mg/kg; i.p.) in a situation in which its first administration was delayed for 3 to 24 h after ischemia (n= 9-11 animals per group; see Table 1 for detailed treatment schedules). Vehicle-treated animals, which underwent transient MCAO, were also included (n= 9-10 animals per group). The evaluated variables were measured at 3 days after ischemia because according to results from our pilot studies, brain damage is completed by 72 h in our model of transient MCAO (infarct volume at 72 h is not significantly different from that measured at 96 h post-stroke, data not shown).
Neurological evaluation and assessment of functional outcome
Behavioral tests were performed before MCAO (presurgery) and at 24, 48 and 72 h after MCAO. Each rat acted as its own control. Neurological deficits were assessed according to a six-point scale: 0= no neurological deficits, 1= failure to extend left forepaw fully, 2= circling to the left, 3= falling to left, 4= no spontaneous walking with a depressed level of consciousness, and 5= death [41, 44] .
Given that the rotarod test is one of the most sensitive to the sensorimotor defects induced by the ischemic insult [6, 33, 72] , motor impairment in this study was assessed with the use of the accelerating rotarod (Ugo Basile, Varese, Italy, Model 7750). Rats were given 2 training sessions 10 minutes apart before surgery. Rats were first habituated to the stationary rod. After habituation they were exposed to the rotating rod. The rod was started at 2 rpm and accelerated linearly to 20 rpm within 300 sec. Latency to fall off the rotarod was then determined before ischemia (presurgery) and 24, 48 and 72 h after stroke. Animals were required to stay on the accelerating rod for a minimum of 30 sec. If they were unable to reach this criterion, the trial was repeated for a maximum of five times. The two best (largest) fall latency values a rat could achieve then were averaged and used for data analysis. Rats not falling off within 5 min were given a maximum score of 300 seconds [7] . A sham-operated group was also included (n=10). The investigator performing the neurological evaluation and rotarod test did not know the identity of the experimental groups until completion of data analysis.
Quantification of brain infarct volume
The method for quantification of infarct volume was performed exactly as previously reported [25, 66, 78] . Briefly, after completing the neurological evaluation and the rotarod test at 3 days after transient FCI, the animals were sacrificed under deep anesthesia and brains were removed, frozen and coronally sectioned into six 2-mm-thick slices (from rostral to caudal, first to sixth). The brain slices were incubated for 30 min in a 2% solution of 2,3,5-triphenyltetrazolium chloride (TTC) (Sigma Chemical Co., Saint Louis, MO, USA) at 37 °C and fixed by immersion in a 4% paraformaldehyde solution in phosphate-buffered saline pH 7.4. Six TTC-stained brain sections per animal were placed directly on the scanning screen of a color flatbed scanner (Hewlett Packard, HP Scanjet 5370 C) within 7 days. Following image acquisition, the images were analyzed blindly using a commercial image processing software program (Photoshop, version 7.0, Adobe Systems; Mountain View, CA, USA). Measurements were made by manually outlining the margins of infarcted areas. The unstained area of the fixed brain section was defined as infarcted. Cortical and subcortical uncorrected infarcted areas and total hemispheric areas were calculated separately for each coronal slice. Total cortical and striatal uncorrected infarct volumes were calculated by multiplying the infarcted area by the slice thickness and summing the volume of the six slices. A corrected infarct volume was calculated to compensate for the effect of brain edema. An edema index was calculated by dividing the total volume of the hemisphere ipsilateral to MCAO by the total volume of the contralateral hemisphere. The actual infarct volume adjusted for edema was calculated by dividing the infarct volume by the edema index [48, 59, 79] .
In this study we measured the size of infarction by TTC staining at 3 days after ischemia. In our pilot studies, we compared the results of infarcted area (mm 2 ) obtained by TTC staining with those obtained using conventional hematoxylin-eosin (H&E) staining. Rats underwent transient FCI (1 h of MCAO) and following 3 days of reperfusion, animals were sacrificed, brains were cut into 2 mm slices and stained with TTC. The cross-sectional area of the ipsilateral (ischemic) hemisphere and the contralateral hemisphere for each brain slice was calculated. H&E-stained sections were also prepared from the brain slices (the same slices previously stained with TTC) and analyzed for cross-sectional area as described above. Measurements obtained from corresponding TTC-stained brain slices and H&E-stained brain sections were directly compared using linear regression and Pearson product moment correlation analysis. TTC and H&E defined area measurements were highly correlated (correlation coefficient = 0.971, P<0.001) (Candelario-Jalil et al., pilot studies), indicating that in our experimental conditions measurement of infarct volume using either TTC or H&E staining gives very similar results even after 3 days of reperfusion. Our results are in line with those previously reported [21, 39, 54] , which show that TTC staining could be used to measure infarct volume even 3-4 days after stroke. TTC staining has several advantages over other histological techniques (as compared to H&E or Nissl staining techniques, TTC staining is cheap, easily to perform and extremely quick).
Effect of nimesulide on PGE 2 elevation in the ischemic brain
In separate rats, the effect of nimesulide on the elevation in PGE 2 concentrations was studied. PGE 2 levels were determined 24 h after induction of stroke, because at this time the concentrations of this prostaglandin were dramatically elevated in the ischemic brain (see Fig. 5, Results section) . In addition, a previous study demonstrated a marked elevation in PGE 2 at this time point following transient FCI [51] . Nimesulide (12 mg/kg; i.p.; n=9) or vehicle (n=10) were administered at 6, 14 and 22 h after induction of ischemia. Rats were sacrificed for PGE 2 analysis 2 h after the last nimesulide treatment following a similar experimental strategy to that employed by Nogawa et al. [51] . A 4-mm-thick coronal brain slice was cut at the level of the optic chiasm, and the infarcted cortex was quickly dissected out on a chilled plate. The corresponding region of the contralateral cortex was also sampled. Tissue was rapidly collected, weighed and frozen in liquid nitrogen. A sham-operated group was included in this experiment (n=7).
Prostaglandin E 2 (PGE 2 ) Enzyme Immunoassay
Tissue concentration of PGE 2 , one of the major cyclooxygenase reaction products in the brain [51] , was determined using a commercial enzyme immunoassay kit (RPN 222, Amersham Pharmacia Biotech Inc., Piscataway, NJ, USA) according to the instructions of the manufacturer. The tissue was homogenized in 50 mM Tris-HCl (pH 7.4) and extracted with 100 % methanol [57] . After centrifugation, the supernatant was diluted with acidified 0.1 M phosphate buffer (pH 4.0; final methanol concentration, 15%) and applied to activated octadecylsilyl (ODS)-silica reverse-phase columns (Sep-Pak C18, Waters Associates, Milford, MA, USA). The columns were rinsed with 5 mL of distilled water followed by 5 mL of n-hexane, and PGE 2 was eluted twice with 2 mL of ethyl acetate containing 1% methanol. The ethyl acetate fraction was evaporated and resuspended in 1 mL of the buffer provided with the kit. The assay is based on competition between unlabeled PGE 2 and a fixed amount of peroxidase-labeled PGE 2 for a limited number of binding sites on a PGE 2 -specific antibody. Briefly, samples or PGE 2 standard were incubated, shaken at room temperature for 60 min with specific anti-PGE 2 antibody and peroxidase-conjugated PGE 2 antibody in a goat anti-mouse IgG-precoated 96-well plate. After washing, 3,3´,5,5´-tetramethylbenzidine substrate was added to the wells and after 30 min the reaction was stopped by adding 1 mM sulphuric acid. Subsequently, absorbance was measured at 450 nm. The detection limit of this assay is 16 pg/mL.
Statistical analysis
Data are presented as means ± S.D. Infarct volumes, infarct areas and PGE 2 data were analyzed using ttest (2 groups) or one way ANOVA with post-hoc Student-Newman-Keuls test (multiple comparison). Neurological deficit scores were analyzed by Kruskal-Wallis nonparametric ANOVA followed by the Dunn test (multiple comparison) or Mann-Whitney test for analysis of individual differences. Rotarod performance was expressed as a percentage of pre-surgery values for each rat and analyzed by ANOVA for repeated measures followed by the Student-Newman-Keuls test. Differences were considered significant when p<0.05.
RESULTS
Effects of different doses of nimesulide on stroke-induced neuronal damage
Transient occlusion (1 h) of the middle cerebral artery (MCA) by the intraluminal suture method consistently produced large infarcts in the territory of the MCA, involving both cortical and subcortical structures. Three different clinically-relevant doses of nimesulide were evaluated in this model of transient FCI. Table 2 shows the neuroprotective effects of this compound when administered both as a single dose and in a long-term treatment paradigm. Nimesulide dose-dependently reduced total and cortical infarct volumes and a modest protective effect was also observed with the highest dose (12 mg/kg) in the subcortical areas. As compared with a single dose of nimesulide (16 % of infarct reduction), the highest dose of nimesulide given as repeated treatments for 2 days reduced by 59 % total (cortical and subcortical) infarct volume assessed 3 days after the ischemic stroke. A representative TTC-stained brain section of vehicle and nimesulide-treated animals (12 mg/kg, repeated doses) is shown in Fig. 1 .
When considered separately, mean cortical infarct volume was decreased by 64 % by treatment with nimesulide (12 mg/kg; 6 injections for 2 days post-stroke) compared to vehicle rats (81.5 ± 21.2 and 227.6 ± 27.4 mm nimesulide at a dose of 12 mg/kg as shown in Table 2 . Thus, the significant reduction in total infarction is chiefly the result of the potent neuroprotective effect of nimesulide in cortical areas following ischemia.
The rostrocaudal distribution of cortical and subcortical infarct areas in the vehicle and nimesulide 12 mg/kg groups is depicted in Fig. 2 . Cortical infarct areas were significantly smaller (p<0.05) in nimesulidetreated rats than in the vehicle group at all coronal levels ( Fig. 2A) . On the contrary of what was found in the case of infarcted cerebral cortex, nimesulide only reduced modestly subcortical infarct areas at coronal levels 2 and 3 (Fig. 2B) .
On the other hand, vehicle-treated control rats exhibited significantly higher neurological deficits scores than sham-operated controls (Fig. 3) . As compared to vehicle, treatment with nimesulide at the three doses examined significantly (p<0.05) improved neurological outcome at 24, 48 and 72 h after stroke, although rats in the group treated with nimesulide 12 mg/kg had statistically significant better neurological deficit scores than animals treated with the lowest doses at 48 and 72 h after FCI. No significant reduction in neurological deficits was observed when nimesulide (12 mg/kg) was given as a single dose although a trend towards a better neurological outcome was noticed at 24 h post-stroke (data not shown).
In the accelerating rotarod test, each animal acted as its own control, and performance was compared with pre-surgery results (Table 3) . Vehicle-treated ischemic rats showed significant impairments in performance 24, 48 and 72 h after stroke compared with sham-operated rats. Repeated administrations of the three doses of nimesulide similarly protected (p<0.05) against motor impairment seen after stroke (Table 3) . Treatment with a single dose given immediately after ischemia did not improve performance in the rotarod test (Table 3) .
Time window for nimesulide protection in rats subjected to transient focal cerebral ischemia
Given the potent neuroprotection observed with nimesulide at a dose of 12 mg/kg, we decided to select this dose for subsequent experiments evaluating the therapeutic window of protection of this COX-2 inhibitor. When nimesulide treatment was delayed for 3 to 24 h after ischemia, a significant reduction in infarct volume was observed 3 days after stroke, although an overall decline of efficacy with posttreatment time was observed (Table 4) . Total infarct volume was reduced by 51%, 42%, 37% and 17% when drug administration began 3, 6, 12 or 24 h after stroke, respectively. Similar to what was found in the case of immediate administration (Table 2) , nimesulide did not confer protection against ischemic damage in subcortical areas (Table 4) . Thus, the significant reduction in cortical infarction accounts for the marked decrease in total infarct volume observed in rats given nimesulide in a delayed therapeutic schedule.
Interestingly, nimesulide not only reduced infarction but enhanced functional recovery 3 days after ischemia even when its first administration began 24 h after stroke (Fig. 4) . Neurological deficits were significantly reduced by post-ischemic treatment with nimesulide (Fig. 4A) . Furthermore, latency to remain on the accelerating rotarod was compared in ischemic rats treated with either vehicle or with nimesulide in the delayed administration paradigm. Nimesulide-treated rats showed significantly increased fall latencies compared to those from animals given vehicle alone when treatment was delayed for 3-12 h after ischemia (Fig. 4B) . However, this protective effect was lost when the first administration is delayed until 24 h following the ischemic episode (P=0.183, Student's t-test, Fig. 4B ).
Effects of nimesulide on PGE 2 accumulation in the ischemic brain
To determine whether delayed treatment with nimesulide was effective in reducing PGE 2 accumulation in the ischemic brain, PGE 2 levels were measured 24 h after transient stroke in animals treated with nimesulide (12 mg/kg; 6 h delayed treatment) or vehicle. There was a dramatic increase (by 244 %) in PGE 2 levels in the ischemic cortex in those rats treated with the vehicle as compared to the levels of this prostaglandin in the contralateral cortex (P<0.001; Fig. 5 ). Nimesulide completely abolished the post-ischemic increases in PGE 2 (P<0.001 from vehicle) in the ipsilateral cerebral cortex (stroke side) and the PGE 2 concentration in the injured cerebral cortex was not different (P>0.05) from that in the intact side (contralateral) as shown in Fig. 5. 
DISCUSSION
Gone are the days when drugs that confer neuroprotection when given before or a short period after cerebral ischemia can be considered relevant for therapy of ischemic stroke. Several agents from this group have been evaluated clinically and failed. COX-2 inhibition has emerged as a potential therapeutic strategy for cerebral ischemia, targeting critical late-occurring pathophysiological events which exacerbate the initial brain damage triggered by the ischemic episode.
This study demonstrated that the COX-2 inhibitor nimesulide appreciably reduces cerebral infarction, PGE 2 accumulation, and also improves functional outcome after transient MCAO in rats. Interestingly, the effects of nimesulide on both histological and functional recovery were evident even when the first administration was delayed up to 24 h after stroke. Although a previous report demonstrated positive effects with a COX-2 selective inhibitor (NS-398) when given after FCI [51] , results from the present study demonstrate for the first time the wide therapeutic window for nimesulide in a rat stroke model and more importantly demonstrated that nimesulide also markedly improved functional recovery. As previously suggested [40] , pre-clinical studies directed toward demonstrating functional improvement of neurological function in addition to reduction of infarct size may improve the predictive value of animal models for clinical efficacy with novel neuroprotective agents.
Present results that nimesulide protects neurons when administered several hours after stroke is consistent with our previous studies which have found that COX-2 selective inhibitors have a wide therapeutic window for protection in global cerebral ischemia [9] [10] [11] [12] , thus extending our observations to a model of transient focal ischemic stroke.
It is important to discuss the finding that nimesulide did not reduce damage to subcortical areas (mainly striatum) when administered in a delayed fashion and only slightly diminished infarct volume in striatum when given immediately after stroke at the highest dose (Table 2 ; Fig. 2 ). The striatum is considered to be the core of the ischemic lesion, it lacks collateral circulation and has proved relatively refractory to neuroprotection [24] . In addition, results from a previous study [51] indicated that COX-2 protein expression is not upregulated in striatum after transient cerebral ischemia, suggesting that COX-2 seems not to be an important pathophysiological mediator of ischemic damage in this brain region. This probably helps to explain our present results. The mild positive effects seen with the highest dose of nimesulide (Table 2 ; Fig. 2 ) might be attributable to other pharmacological effects of this compound not related to COX-2 inhibition, although further studies are needed to support this notion.
On the other hand, repeated treatments with nimesulide afforded a more remarkable neuroprotection than the administration of a single dose given immediately after ischemia (Tables 2 and 3 ). These findings show the importance of a continuous long-term therapeutic regime after focal stroke in clinical trials to achieve the maximal beneficial effects of neuroprotection with nimesulide to target the delayed progression of tissue damage.
According to our results, the lowest dose of nimesulide (3 mg/kg) reduced neurological deficits and motor impairment (Table 3 and Fig. 3 ) similarly to the highest dose of this COX-2 inhibitor (12 mg/kg), but these positive effects were not accompanied by a significant reduction in infarct volume (Table 2 ). This might reflect the fact that unlike ischemic injury to many other tissues, the severity of disability is not predicted well by the amount of brain tissue lost. For example, damage to a small area in the medial temporal lobe may lead to severe disability, while damage to a greater volume elsewhere had little effect on function [22] . The majority of studies directed toward determining neuroprotective efficacy have used reduction of infarct volume as a measure of a drug's efficacy in animals subjected to focal ischemia. Although it is presumed that reduced lesion size will translate to improved functional outcome, a direct correlation is not always observed in animals models [32] or in stroke patients [68] .
Pharmacological inhibition of COX-2 has been previously shown to reduce N-methyl-D-aspartatemediated neuronal cell death both in vitro [29] and in vivo [36] . In addition, recent investigations have found a potentiation of excitotoxicity in transgenic mice overexpressing neuronal COX-2 [37] and a significant reduction in ischemic brain injury in COX-2-deficient mice [36, 62] . COX-2 expression by itself does not lead to neuronal death since a variety of healthy neuronal populations throughout the CNS express COX-2 mRNA and protein under normal conditions [5, 77] and COX-2 expression can be experimentally induced without causing neuronal death [56] . In the study of Planas et al. [56] , they found the same level of COX-2 induction in response to both 10 min (mild enough not to cause inflammation or cell death) and 1 h of stroke (which leads to brain infarct), suggesting that COX-2 would only mediate neuronal injury in the context of an inflammatory response. Results from previous studies indicated a close relationship between COX-2 and iNOS in experimental models of FCI [49, 52] . These two pro-inflammatory enzymes are expressed at the same time and in close proximity in penumbral regions [52] . Pharmacological inhibition of iNOS attenuates accumulation of PGE 2 in the ischemic brain and COX-2 selective inhibitors decrease ischemic injury in wild type mice but not in iNOS knockout mice [49] . These results suggest that iNOS and COX-2 may work synergistically to exacerbate damage in brain, perhaps through the formation of peroxynitrite and the ensuing oxidative stress.
The production of pro-inflammatory prostanoids is an injurious mechanism associated to the COX-2 enzymatic activity and this process is associated with the generation of highly reactive oxygen species, which have potent deleterious effects on cells [42] . We found that delayed treatment of rats with nimesulide completely abolished the marked increase in PGE 2 seen in the ischemic cortex 24 h after stroke. These results are consistent with the hypothesis that COX-2 reaction products contribute to the delayed progression of brain injury following transient FCI.
Several additional mechanisms could account for the neuroprotection conferred by nimesulide in focal stroke. The possibility that nimesulide diminished cerebral injury through mechanisms involving reduction of oxidative damage, inhibition of pro-inflammatory cytokines production and blockade of apoptotic pathways cannot be excluded. Recently, we have found that nimesulide is able to reduce oxidative damage following excitotoxic or ischemic brain injury [8, 12] . Furthermore, nimesulide has been proven to inhibit TNF-α production [3] and glutamate-mediated apoptotic damage [45] . Further studies are needed to elucidate other potential mechanisms apart from COX-2 inhibition which contribute to the neuroprotective effects of nimesulide in ischemic stroke.
The inflammatory cascade following cerebral ischemia comprises several mediators (e.g., cytokines, chemokines, adhesion molecules, eicosanoids, nitric oxide), which interact among them to produce a long-lasting inflammatory reaction observed not only in animal models but in patients with ischemic stroke [19, 35, 60] . Inflammation is an attractive pharmacologic opportunity, considering its rapid initiation and progression over many hours/days after stroke and its well-demonstrated contribution to evolution of tissue damage [4] . Nevertheless, anti-inflammatory interventions have been shown to interfere with nervous regeneration/plasticity and recovery following some types of neuronal injury [17, 31] , suggesting that the potential beneficial effects of inflammation in tissue repair and remodeling need to be considered when developing treatment strategies aimed at reducing post-ischemic inflammation.
Considering all these previous evidences on the dual role of inflammation following brain injury, further work needs to be done in order to investigate the long-term effects of nimesulide in the ischemic brain before this compound could be used in the treatment of patients suffering from ischemic stroke.
In summary, the present study has demonstrated a marked neuroprotective effect of nimesulide against transient focal ischemic injury at therapeutically relevant doses when administered even 24 h after ischemia. Of great importance is the result that nimesulide not only reduced infarct size but also improved functional outcome. Our findings hold a therapeutic promise to intervene neuronal injury evolving after stroke with the COX-2 inhibitor nimesulide. 
